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0 Burner flame sensing system and method. 



0 The presence of a flame from a burner is determined by analyzing the signal produced by a radiation sensor 
(12) aimed at a burner. The signal produced by the radiation sensor (12) is applied to the analog input of a 
microcomputer (50) and processed therein. Specifically, a Fourier transformation is applied to the signal 
producing amplitude values for a spectrum of component frequencies produced by changes in the power of the 
flame over time. A logarithmic value is derived for each of the amplitude values. The degree of linearity of the 
distribution of the component frequency logarithmic amplitude values provides an indication of the flame 
presence. Several parameters, including integrated linear error, linearity regression correlation and slope 
difference, provide an indication of the degree of linearity. A plurality of values for each of these parameters are 
produced during an interval of time. When a given percentage of the parameter values are above their 
respective thresholds the flame is determined to be present, whereas when another given percentage of the 
parameter values are below their respective threshold the flame is determined to be extinguished. 
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Backg round of the Invention 

The oresent invention relates to flame sensors for use in conjunction with a boiler, furnace or similar 
combustion apparatus; and more particularly to such sensors which provide an indication presence and 

5 Characteristics of a flame in a multiple burner system. » , . •„ 

Urae boilers and furnaces utilize several burners which produce a plurality of flames. An electronic 
control system for the burners often includes a mechanism for detecting the presence of the flame and for 
providing information about the flame characteristics. Such information is used in a control system to 
reaulate safe operation of the burner. A flame scanner is incorporated in such control systems to detect the 

,0 presence or absence of a bumer flame in a single or multiple burner apparatus. When the burner is on and 
fuel is being ejected from the bumer's throat, the scanner monitors the flame and produces a signal 
indicative of the condition, intensity and type of flame. It is therefore necessary for the flame scanner to be 
able to discriminate between flames from a bumer to be scanned and the flames of adjacent burners and 

other background conditions. . . . , • , u -u 

,5 Previous scanners utilized an optical sensor aimed at the flame to produce an electncal signal which 
was proportional in amplitude to the intensity of the light from the flame. The amplitude of the sensor signal, 
after band pass or high pass filtering, was relied upon to discriminate between on and off states of the 
bumer flame. However, the magnitude of the signal is dependent upon a number of variables such as 
damper position, proximity of the flame to the sensor, type of fuel, and BTU content of the fuel. Similarly 

20 the other flames in a multiple burner system produce a widely varying background signal component in the 
sensor signal A prominent problem with an amplitude dependent flame scanner is the varying magnitude of 
the sensor signal in the flame off and flame on states. As a consequence, the difference in sensor signal 
amplitude between the flame on and the flame off states often is too small in order to set reliable thresholds 
for discriminating between the flame states. 

25 The failure of the scanner to be able to discriminate properly between the different flame states can 
result in the control system erroneously shutting down the entire bumer or preventing the operator from 
starting the burner. In addition, an erroneous detemilnatlon may occur due to the background signal 
component being interpreted incorrectly as indicating that the proximate bumer being sensed is ignited. In 
such a situation, the proximate burner flame may be extinguished, but the flame scanner produces a signa 

30 to the control system indicating that the burner flame is on. This erroneous indication can result in the fue 
valve remaining open allowing explosive fumes to accumulate in the bumer chamber. Therefore, the control 
system must provide a mechanism for discriminating among signals produced by the burner flame to be 
sensed and those from other flames in a multiple burner system. 

35 Summary of the Invention 

A flame analyzer detects radiation from a combustion apparatus to sense a characteristic of a flame, 
such as the presence of the flame for example. A sensor produces an electric signal indicative of the 
detected radiation. The signal is converted, by Fourier transfomiation in the preferred embodiment, into a 
40 plurality of amplitude levels representing the magnitudes of a spectrum of component requencies present 
in the signal. These component frequencies are produced by changes in the power of a flame with time 
The flame characteristic is detemiined by the shape of a distribution of the plurality of the component 

frequency amplitude levels. . , » i:».„4-^ 

Preferably the characteristic is determined by deriving logarithmic values for the plurality of amplitude 
45 levels The degree of linearity of a distribution of the logarithmic values of the component frequency 

amplitudes is calculated. The degree of linearity is defined by one or more parameters such as the 

intearated linear error, slope difference and linearity regression correlation. ■ 

In order to determine the presence of a flame, a series of values for each calculated parameter is 

compared to a separate threshold for that parameter. The amounts of values above and below the threshold 
50 are tabulated. In this preferred embodiment, the amounts of the parameter values that are below the 

respective thresholds are averaged to produce a first average. Similarly, the amounts of the parameter 

values that are above the respective thresholds are averaged to produce a second average. 

When the first average exceeds a first reference level a determination is made that the flame is absent, 

whereas when the second average exceeds a second threshold level a detemiination is made that the flame 

55 IS P''®^^"*-^^^^^! ^^^^^ ^, p^ggg„, invention is to provide an apparatus and method for determining a 
characteristic of a flame, which method is immune from the effects that proximity of the sensor to the flame, 
flue damper position, and the type of fuel and its BTU content have on the flame sensing. 
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Another object of the present invention is to provide a flanr^e detection technique that is based on 
changes in the shape of the flame's flicker frequency spectrum component with time. 

A further object is to analyze the frequency spectrum of the flame sensor signal, and spechcally to 
analyze the linearity of a distribution of logarithmic values of the component frequency amplitudes. 

B rief Description of the Drawings 

FIGURE 1 is a diagram of the electronic circuitry of a flame analyzer which incorporates the present 
invention; 

FIGURES 2A and 2B form a flowchart of the flame analysis software; 

FIGURE 3 is a spectrum of component frequencies of a signal produced by the flame analyzer in Figure 

llomt4iTZ!!^Zsmi^r to that of Figure 3. of the signal produced by the background radiation 
when the flame to be sensed is extinguished; and 

FIGURE 5 is a graphical representation of one step in the flame signal analysis. 
Detailed Description of the Invention 

Figure 1 represents an exemplary embodiment of the electronic circuitry for a burner flame analyzer 10 
according to the present invention. A sensor 12. such as a lead sulfide detector, is positioned to revive the 
St Son given off by a flame, which is to be detected. Although the sensor 12 is sighted so that i wiH 
eceive the radiation from the desired flame, it typically also receives radiation from other flames in a 
Zme burner combustion apparatus. One lead of the sensor 12 is connected to a ° ^fi'^^^^^^ 
voltage (-V) and the other lead is connected to the inverting input of a fixed gam P^^^Jf J, 
inverting input of preamplifier 14 is coupled by a resistor 16 to circuit ground and the output of the 
preamplifier is connected by a feedback resistor 17 to its inverting input. 

The output of the preamplifier 14 is coupled to an automatic gam control por^^n of the crcurt 
comprising wnplifier 20 and associated components. Specifically, the output of preamplifier 4 is coupled 
by a 3s connection of resistor 18 and capacitor 19 to the inverting input of a first amplifier 20. The 

, capacS 19?ecouples the d.c. bias voltage applied to sensor 12 and the offset vortage of the preamplifie 
U from be' g appL to the first amplifier. The non-inverting input of amplifier 20 is coupled to the c^cuj 
ground by resistor 21. The output of the first amplifier 20 is coupled to the non-mvertmg mput by a fixed 
?esSor 22 a photoresistor 24. The photoresistor 24 receives light from a light emitting diode 25 and the 
resistance of element 24 is inversely proportional to the current through the light emitting diode 25. 

5 A lesi^ 26 couples the output from the first amplifier 20 to the non-inverting mput of a second 
amplifier 28 whose non-inverting input is connected to ground by resistor 29. The second ^P^'^J^ 
diodes 30 and 31 and feedback resistor 32 provide full-wave rectification of the output signal from the ft s^ 
ampm er 20. The full-wave rectified signal is coupled by resistor 33 to a low-pass filter formed by a third 
^plifier 34. to which the rectified signal is applied at the inverting input A resistor 3^ J^^^-^^^/ 

0 Srting input of the third amplifier 34 to ground. The output of the third amplifier 34 is coupled to ite 
ZS input by the parallel connected combination of resistor 36 and capacitor 38. The ow-pass Mering 
Zwes Z c sLal that is proportional to the amplitude of the alternating signal from the first amp tier 20. 

d.c. Si nans applieS by resistors 39 and 41 to a non-inverting input of a ^'«f-"*'f -"P^^^^^ 
The differential amplifier 40 compares the output from the third amplifier 34 to « set PO.nt de^^^^^^ by a 

B reference voltage V„ef applied to the inverting input of the differential amplifier 40 by resistor 42 The 
outout of the differentia, amplifier 40 is connected by a feedback resistor 43 to the non-inverting input. The 
ouSu o the differential amplifier provides an error voltage that is proportional to the difference between tt^e 
Sen^e voltage V„.p and the d.c. voltage from the third amplifier 34 which itself is proportional to the 

sianal output from the first amplifier 20. . , ^ * ♦u 

50 The L: voltage is converted into an error current signal by resistor 44 that is coupled to the anode erf 
light emitting diode (LED) 25. This error current signal driving LED 25 provides negatve feedback gam 
Sn roTr!ie first amplifier 20. As a result, as the a.c. amplitude of the signal from the preamplifier 14 
deceases the gain of the first amplifier 20 increases. The rate at which the gain of the control can change 
fs dXed by the time constant of the RC network fom^ed by resistor 36 and capacitor 38 of the low-pass 
65 filter This time constant is selected to be five times slower than the lowest frequency of .'"terestjed m 
flame analysis. The design of the circuit provides five decades of gain control to maintain a good s.gnal-to- 
noise ratio for a wide variety of flames produced by different flame types and firing conditions. 

^heVnverting input of the tiiird amplifier 34 is coupled by resistor 46 to a node 48 at the output of the 
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first amplifier 20. The node 48 forms the output of the automatic gain control amplifier circuit and is 
connected to an analog input of microcomputer 50. The microcomputer is an integrated c.rcu.t which m 
addition to containing a microprocessor, includes an analog-to-digital converter to which *e ana og mput .s 
connected. The microcomputer 50 also contains parallel input/output ports to wh.ch a set of data, add ess 
5 and control buses 51 . 52 and 53 are respectively connected. In performing the fame analysis^ ^w.11 be 
described, the microcomputer executes a program stored within a read only memory (ROM) 54^ The data 
from the sensor 12. as represented by the signal received at the analog input of the microcomputer 50. are 
stored in a random access memory (RAM) 56. In addition, the random access memory 56 also provides 
storage locations for intermediate and final results of the analysis conducted by the microcomputer 50. The 
10 results of the processing are supplied to external devices, such as the burner control circuitry for the 
combustion apparatus, via an input/output interface circuit 58. The ROM 54. RAM 56 and input/output 
interface circuit 58 are coupled to the buses 51-53. ^ 
During the operation of the flame analyzer 10 illustrated in Figure 1. the sensor 12 converts ttie 
radiation from the burner assembly into an electrical signal. The output of sensor 12 is a time varying d.a 
,5 signal that is proportional to the power of the flame. The time varying portion of the signal is uncoup ed 
IL the d.c. component by capacitor 19 so that the output signal from the first amplifier 20 is equivalent to 
the differential change in the flame's power. This output signal is generated by '^^T. 
to as "flame flicker," i.e. the change in the shape or power of the flame with time. The flame flicker can be 
used to determine several characteristics of the flame such as its presence and stability. 
20 The time varying portion of the sensor signal at node 48 is applied to the analog input of he 
microcomputer 50 and digitized into a ten bit digital number representing the magnitude of the analog 
signal. The microcomputer is interrupted on a regular interval to execute a software routine which samples 
the output of the analog-to-digital converter and stores the digital sample in a ring-type buffer located within 
RAM 56 For example, the microcomputer 50 is interrupted to acquire 300 flame signal samples per second 
and the' ring buffer has 600 storage locations at which the periodically taken data samples are stored 
Another memory location within RAM 56 stores a pointer to the memory location of tiie nng-type buffer at 
which the most recent digital number was stored. This pointer is used by subsequent data processing steps 
as an indication of where to enter the ring for data to be processed. 

Once the ring-type buffer contains 256 data samples, the microcomputer 50 begins continuously 
executing a background analysis task. With reference to Figure 2A. the first step 60 of the analysis 
transforms the data stored in RAM 56 from the time domain to the frequency domain. In doing so a 
conventional fast Fourier transform software routine is utilized to perform a 256 point transformation on the 
data samples to produce 128 complex numbers, representing the frequency ^Pectrum of the flame data 
from 0 to 149 Hertz in vector notation. These complex numbers are stored temporanly in RAM 56. Once the 
transformation is complete, the program execution advances to step 62 in which the microcomputer 50 
calculates the magnitude of each complex frequency vector. This can be accomplished by taking the 
square root of the real part of the complex number squared plus the imaginary part squared The magnitude 
of each vector represents the amplitude of a component fi-equency of the sensor signal. Although Founer 
analysis is used to accomplish the transformation to the frequency domain, other techniques can be used. 
40 The logarithm to the base e for each of these amplitude values is calculated and stored within an array in 
RAM 56 at step 64. The logarithmic values are then digitally low pass filtered to provide a smootiiing of that 

^^*^Riure^3^graphically represents a distribution of the logarithmic component frequency amplitude values 
for the sensor signal produced by an active flame. The component frequencies in the 0 to 149 Hertz 
45 spectrum are produced by changes in the shape of the flame with time. i.e. flame flicker. Th s graph 
indicates that amplitude decreases for higher frequencies in a mathematically predictable, ratiometric 
relationship. A generally linear relationship exists throughout the distribution of the logarithmic amplitude 

''^'"when flie flame to be sensed is extinguished and the sensor 12 detects radiation from background 
50 sources, such as other flames of the multiple burner system, the distribution of the component frequency 
logarithmic amplitude values is similar to that graphically illustrated in Figure 4. In this case, although the 
amplitude still decreases with frequency, the relationship of the logarithm of the amplitude values to 
frequency no longer is linear. Thus, there is a different mathematical relationship for the frequency 
spectrum data when the flame is present and when it is extinguished. u „„Mtho 

55 The flame presence, type and condition are determined by the microcomputer 50 from the shape of the 
frequency spectrum of the flame signal. Once the logarithms of the Fourier transformed ^mp tude vaKjes 
have been derived and stored in RAM 56. the change in logarittimic amplitude with frequency (the slope) is 
tested for continuity and uniformity over a predefined bandwidth (e.g. 0 to 100 Hertz). The degree of the 
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10 



continuity and uniformity is quantized to produce a number that is proportional to the flame's stability. It has 
been determined that the linearity of the spectrum is independent of both the flame signal amplitude which 
varies due to several factors, and the flame signal gain which con-esponds to the flame power. Simply put. 
the flame size has no affect on the shape distribution of spectrum component frequencies. Therefore, the 
present system, which relies on the linearity of the spectrum rather than the amplitude of the flame signal 
from sensor 12, significantly minimizes the effects that damper position, fuel pressure, atomization pressure, 
fuel load rate, fuel to air ratio, BTU content, fuel type, and other variables have on the analysis. If the burner 
flame is on and relatively stable, a substantially linear and uniformly sloping distribution of component 
frequency amplitudes will be produced. 

Since the ordinate of the graph in Rgure 3 is logarithmic, the spectrum for an ignited flame suggests 
that the sensor signal in the frequency domain can be represented by: 



S(f) = Ae" (1) 
15 For a straight line, the log to the base e of this equation becomes: 
Log[S(f)l = kf + Log[A] (2) 

where S(f) is the signal amplitude as a function of frequency. A is the amplitude in volts at zero Hertz (DC). 
20 e is the inverse natural log of one. k is the slope of the data (the decay constant), and f is the frequency in 

"^'^igure 4 representing the sensor signal component frequency distribution for an extinguished flame, 
shows a non-linear or piecewise linear plot of the logarithmic amplitude values versus frequency. A crude fit 
of this spectrum data suggests that sensor signal has the form: 

25 

S(f) = Ae" + Be" (3) 

Lx)g[S(f)] = af + Log[A] + bf + Log[B] (4) 

30 where "a" is the slope of the low frequency data and "b" is the slope of the high frequency data. In the 
flame off condition, coefficient "a" comes from low frequency black body or convection radiation and 
coefficient "b" comes from higher frequency white noise or other adjacent burner flames. 

The remaining portion of the flame analysis program flowcharted In Figure 2A determines the degree of 
linearity of the distribution of logarithmic amplitude values versus frequency. Commencing at step 68. the 

35 microcomputer 50 executes a routine which uses least squares techniques and determinants to fit the 
frequency spectrum data to a third order polynomial equation having the form: 

s = a + bf + cf2 + df3 (5) 

40 If the burner flame is on and stable, the frequency distribution decays linearly and coefficients c and d 
approach zero, leaving the equation of a straight line. Sl = a + bf. However, when the flame becomes 
unstable or goes out, coefficients c and d become more significant. These coefficients enable the 
determination of three parameters: integrated linear error (E), slope difference (m,,) and linearity regression 
correlation (R). which define the degree of slope continuity and uniformity. 

45 The first parameter, integrated linear error, determines whether the component frequency amplitude 
distribution can be satisfactorily described by a single slope coefficient. In determining this parameter, the 
derivative of the third order equation (5) is calculated at step 70 to find the slope at a relatively low first 
frequency fi (e g. 20 Hertz). The slope is used at step 72 to derive the equation of the line tangential to the 
spectrum plot at the first frequency and the equation then is projected to determine its Y-axis intercept. This 

50 derivation produces the equation: 

s, = a, + b,fi (6) 

where a, is the intercept, and b, is the slope of the tangent line. This is graphically illustrated In Rgure 5 
55 where the solid curve represents the component frequency amplitude values and the dashed line represents 
the tangent to the distribution of component frequency amplitudes at an fi of 20 Hertz. 

If the distribution of the component frequency amplitude values throughout spectrum can be descnbed 
satisfactorily by a single slope coefficient (i.e. the spectrum is linear), equation (6) for the tangent line 
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Should fit all of the component frequency amplitude values. The integrated linear error (E). or *e degree o 
fit of the tangent line equation, is determined by finding the area between the curve of component 
frequency amplitude values and the tangent line from 0 to 100 Hertz. This area .s gn^en by the equation. 
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E - (St - S)Cff 

which in terms of the third order polynomial coefficients is given by: 

^ f ^ bt-f^ \ f ^ bf2 cf 3 ^ df * ^ 



(7) 



(8) 
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The integrated linear error (E) is calculated at step 74 and stored in RAM 56. 

The execution of the analysis program in Rgure 2 then advances to step 76 where the second 
parameter, the slope difference, is calculated as another indication of frequency spectrum s^pe cont-nu|ty. 
kT doing so the slope of the spectrum data is calculated at a second frequency (e.g. 80 Hertz) m the same 
mannefas tha?used to calculate the slope at the first frequency point (20 Hertz). The dIHerence between 
the two soectrum slopes Is calculated and stored in RAM 56. 

The final parameter indicative of the slope continuity and uniformity is the lineanty regression 
correlation for the distribution of component frequency logarithmic amplitudes. For a Qi^^" ""^"ber n of 
pared data points in a two-dimensional array of data: (f,. s,). (f.. s^). ... (f.. s„). the linearity regression 
correlation R is defined by the following expression: 

n-1 n-1 n-1 

n * I Si fi - 2 f i * S Si 

i»0 i*0 i^O , 
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i-0 J i-0 V U-0 ) 

where s, is the logarithmic amplitude of component frequency f,. When the linearity regression correlation 
ZLs unity, there is perfect linearity and correlation. However, a linearity regression correlation value less 
S one"ndicates non linearity and less correlation. The correlation value, calculated at step 78. is stored .n 

^ Th^ remainder of the flame analysis background program commencing on Figure 2B interprets the 
values of the three flame spectrum shape parameters in reaching a determination as to the presence of the 
flame and its stability. A new set of spectrum shape parameters are calculated several times per second 
due to a continuous looping of the background analysis program. A series of values for parameter is 
saved in a separate ring type buffer within RAM 56. The size of each buffer is determined by a 
configuration piameter designated the flame failure response time (FFRT). which s set by the user^ The 
FFRT defines the maximum amount of time that the analyzer 10 has to determine if the flame ,s on or off_ 
The number of sample storage locations in each flame shape parameter buffer is equal to the FFRT 
multiplied by the number of fast Fourier transforms being taken per unit of time. ,,,„HarH 
The data stored within each flame spectrum shape parameter buffer is averaged and the standard 
deviation computed. Each arithmetic mean and standard deviation defines a Gaussian distribution curve for 
?he ptameter A statistical technique commonly referred to as the "Lower-Tail Test" is appl^d to determine 
the percentage of the data lying above and below a critical threshold for that parameter. Hysteresis about 
the shape parameter thresholds is provided by requiring that sixty percent of the date ^amP'^l^ 
the threshold for a flame on detemiination to be reached, and by requiring sixty percent of the data samples 
to be below the threshold in order for a flame off determination. 
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With specific reference to the flowchart of the analysis program in Figure 2B. at step 80 the arrthmefc 
meaTL s^dard deviation for the integrated linear error values stored within the corresponding nng 
buffTrsTn liM 56 are calculated by the microcomputer 50. Then these statistical values are ernp'oyed to 
"etimile the percentages of the buffer values that lie f ^ "^^^^^^^^^^^^^ 
integrated linear error. Similar statistical processing is performed at steps 84^ and 88-90 derive such 
SeSnteges for the slope difference values and the linearity regression correlation values with respect to 
their separate thresholds. The resultant percentages are stored in RAM 56. 

The parLter thresholds were determined empirically during set up of the analyzer 0 *or a specrfrc 
combustion apparatus. At that time, a flame is ignited and a series of flame spectrum analysis performed^ 
0 ThTTaximum values for the integrated linear error, slope difference, and linearity regression cor e^^n 
Ja'alTe s are found for this analysis series. Then the flame is extinguished and ^-^'^"Z^'^T^ 
spectrum analysis performed. The maximum and minimum values for the ^'^l'''^'^ ^^^^^^l^^ 
a?e found. The midpoint between the minimum and maximum values for each parameter becomes the 

,5 '""TrnLTto tife flame analysis program execution at step 92. the percentages of the three parameters 
values ly ng above their thresholds are averaged, and the percentages of ^^^.P^^^^^^-^/^trrt? 
telow their thresholds are averaged The average of the "above" percentages is tested at step 94 to 
S^m Je f r s giatl than sixty percent, in which case the program execution branches to step 98 where 
atag s se to ndicate that the flame is on. The program execution then loops back to step 60 to perform 

^o J^^lsis once again using newly acquired data. If the averaged "above" percentages is not found a 
^^p^Ho be greaS than si^ perLnt. the program advances to step 95. At this iuncture the jerage of 
^e "below" percentages is tested to detemiine if it is greater than sixty percent, in which case the program 
Execution branches to step 96 where the flame-on flag is reset to indicate that the flame extinguished 
S to s^ep 60 When neither of the tests conducted at steps 94 and 95 is tme the program 

.5 ^S^ tZy to step 60 without altering the status of the flame-on flag and leaving its previously 

''TmhlrCkgl^und software routine periodically examines the flame-on flag and sends a signal 
indicative of the flag status via the 1/0 interface circuit 58 to the appropriate external devices. 

30 Claims 

' Tsr^'S^drCadiation produced by a flame and producing an electrical signal indicative of 

35 meaTior transforming the electrical signal into a spectrum of component freq"«n^ies of the 

electrical signal which component frequencies are due to power changes of the flame with time, and 

^Sns for determining a characteristic of the flame in response to the spectrum of component 
frequencies of the electrical signal. 

40 2 Ttie flame analyzer as recited in claim 1 wherein said means for transforming the electrical signal 
comprises means for perfomning a Fourier transformation on the electncal signal. 

^ ' Ts:Z'^:^::^m'^^^^on produced by a flame and producing an electrical signal indicative of 

meat for converting the electrical signal into a spectrum comprising a plurality of component 
frequencies of the electrical signal, the component frequencies resulting from changes m power of the 
flame with time, and wherein each component frequency has an amplitude; 

m^ans for determining a degree of linearity of a distribution of component frequency amplitudes 

50 throughout the spectrum; and 

means for determining a characteristic of the flame in response to the degree of linearity. 

4 The flame analyzer as recited in claim 3 wherein said means for converting the electrical signal 
comprises means for performing a Fourier transfonnation on the electrical signal. 

5 The flame analyzer as recited in claim 3 wherein said means for determining a degree of linearity 
Lmprte^s means for determining a difference between slopes of the distribution of component 
frequency amplitudes at at least two frequencies of the spectrum. 
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The flame analyzer as recited ir. claim 3 wherein said means for determining a degree of linearity 
JJmprSs n for detem^ining a linearity regression correlation (R) for the distribution of component 
frequency amplitudes as given by the expression: 



n-l rv;X 1^1 

n * X Si " 2 * ^ 



i-0 i-0 i-0 

R = 



n-l N n-l I , ^ 

(ito i-0 J iTo \ U-0 ) 



n-l 

s 



where i is the number of component frequencies and s, is the amplitude of a component frequency f,. 

The flame analyzer as recited in claim 3 wherein said means for detemiining a degree of linearity 

"'^^mins for deriving data values for a set of the component frequencies, each data value being 
defm^ Sy an equation of a line tangent at a given point to the distribution of component frequency 

"'"lea^ "foHntegrating the difference between the amplitude produced by said means for converting 
and The date value for each member of the set of component frequencies to produce a first value 
indicative of the degree linearity. 

The flame analyzer as recited in claim 7 wherein said means for determining a degree of linearity 

*"*me^ns ^'determining a difference between slopes of the distribution of comporient frequency 
amprtSes iTtwoTocations. wherein the difference is a second value indicative of the linearity of the 

means'for determining a linearity regression correlation for the distribution of cornponent frequency 
ampZes wherein the linearity regression correlation is a third value indicative of the linearity of the 
spectrum. 

9. The flame analyzer as recited in claim 8 wherein said means for detem^ining a characteristic of the 

"""a S means for comparing a plurality of the first values to a first threshold to determine amounts 
nf the first values that are respectively above and below the first threshold; , ^ , 

a s JondTeans for comparing a plurality of the second values to a second threshold to determine 
amounts that are respectively above and below the second threshold; 

atird mins fo^comparing a plurality of the third values to a third threshold to determine amounts 

^^'tcrmTanrrS^^^ amounts of *e first, second and third values above their 
resDective thresholds to produce a second average; and 

'means for producing an indication that the flame is extinguished when the ''^^^ 
first reference value, and for producing and indication that the flame .s present when the second 
average exceeds a second reference value. 

10 An aooaratus for detecting the presence of a flame comprising: , . »■ ^ ^« 

a senso?for detecting radiSion produced by a flame and producing an electrical signal indicatve of 

the radiation; 

an automatic gain controlled amplifier for amplifying the electncal signal . ^„ 

means for digitizing the electrical signal from said amplifier into a plurality of signal samples, 
means for storing the plurality of signal samples; a 
means for transforming the signal samples from a time domain to a frequency domain to produce a 
plurality of component frequency amplitude values; 
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means for deriving a logarithmic value for each component frequency amplitude value of the 

electrical signal; . ..^ . , w 

means for determining a degree of linearity of a distribution of the logarithmic values: and 
means for evaluating the degree of linearity to determine whether the flame is present. 

11 The flame analyzer as recited In claim 10 wherein said means for determining a degree of linearity 
detemiines a difference twtween slopes at two locations along the distribution of the logarithmic values. 

12. The flame analyzer as recited in claim 10 wherein said means for determining a degree of linearity 
determines a linearity regression correlation for the distribution of the logarithmic values. 

ia The flame analyzer as recited in claim 10 wherein said means for determining a degree of linearity 

comprises: . , . 

means for defining a line tangent to a given point along the distribution of logarithmic values: and 
means for integrating a series of differences between the logarithmic values and points on the 
defined line thereby producing a first value indicative of the linearity of the logarithmic values. 

14. The flame analyzer as recited in claim 13 wherein said means for determining a degree of linearity 

further comprises: ... j. . -u ^ 

means for detemiining a difference between slopes at two locations on the distribution of 
logarithmic values to produce a second value indicative of the degree linearity; and 

means for determining a linearity regression correlation for the distribution of logarithmic values to 
produce a third value indicative of the degree of linearity. 

25 15. The flame analyzer as recited in claim 14 wherein means for evaluating the degree of linearity 

comprises: . 

a first means for comparing a plurality of the first values to a first threshold to determine an amount 
of the first values below the first threshold and an amount of the first values above the first threshold; 

a second means for comparing a plurality of the second values to a second threshold to determine 
an amount of the second values below the second threshold and an amount of the second values 
above the second threshold; 

a third means for comparing a plurality of the third values to a third threshold to determine an 
amount of the third values below the third threshold and an amount of the third values above the third 

^'^^filst'^means for averaging the amounts of the first, second and third values below their respective 
thresholds to produce a first average; • 
second means for averaging the amounts of the first, second and third values above their 
respective thresholds to produce a second average; and 

means for producing an indication that the flame is extinguished when the first average exceeds a 
first reference value, and for producing and indication that the flame is present when the second 
average exceeds a second reference value. 

16. A method for determining a characteristic of a flame comprising: 

detecting radiation at a frequency produced by a flame and producing an electrical signal indicative 
45 of the radiation; 

transfomiing the electrical signal from a time domain to a frequency domain to produce amplitude 
values for a plurality of component frequencies which result from shape changes of the flame with time; 
determining a degree of linearity of a distribution of the amplitude values; and 
employing the degree of linearity to determine a flame characteristic. 

17. The method as recited in claim 16 wherein said step of transforming the electrical signal comprises 
performing a Fourier transfomiation of the electrical signal. 

18. The method as recited in claim 16 wherein said step of determining a degree of linearity comprises 
deriving a logarithmic value for each amplitude value: and determining a degree of linearity of a 
distribution of the logarithmic values. 

19. The method as recited in claim 16 wherein said step of determining a degree of linearity comprises 
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deriving a difference between slopes at two points on the distribution of the amplitude values. 

20 The method as recited in claim 16 wherein said step of determining a degree of linearity comprises 
means for determining a linearity regression correlation for the distribution of the amplitude values. 

21 The method as recited in claim 16 wherein said step of determining a degree of linearity comprises: 
deriving data values for the component frequencies from an equation of a line tangent at a given 

point to the distribution of the amplitude values; and 

integrating the differences between an amplitude value and a data value for each component 
frequency in a given frequency band to produce a first value indicative of the degree of lineanty. 

22 The method as recited in claim 21 wherein said step of determining a degree of linearity comprises: 
determining a difference between slopes at two points on the distribution of amplitude values to 

produce a second value indicative of the degree of linearity; and 

determining a linearity regression correlation for the distribution of the amplitude values to produce 
a third value indicative of the degree of linearity. 

23. The method as recited in claim 22 wherein said step of determining a degree of linearity further 

comprises: . * . »u., 

comparing a plurality of the first values to a first threshold to determine an amount of the first 
values that are below the first threshold and an amount of the first values that are above the first 

threshold; ^ . » « 

comparing a plurality of the second values to a second threshold to determine an amount of the 
second values that are below the second threshold and an amount of the second values that are above 

25 the second threshold; ^ , .u .u-,^ 

comparing a plurality of the third values to a third threshold to determine an amount of the third 
values that are below the third threshold and an amount of the third values that are above the third 
threshold; 

averaging the amounts of the first, second and third values that are below their respective 

30 thresholds to produce a first average; ^ ... . 

averaging the amounts of the first, second and third values that are above their respective 

thresholds to produce a second average; and . . ^ 

wherein said step of employing the degree of linearity to determine a flame charactenstic produces 
an indication that the flame is extinguished when the first average exceeds a first reference value, and 
produces and Indication that the flame is present when the second average exceeds a second 
reference value. 
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